Abstract. The water deficit index (WDI) derived from Landsat imagery was used to detect temporal and spatial changes in grassland transpiration. The WDI, which estimates relative evapotranspiration rates based on meteorological data and the relation between surface reflectance and temperature, has been successfully applied over heterogeneous terrain with little a priori information. In this study, WDI was derived from a 10-year, Landsat-4 thematic mapper (TM), Landsat-5 TM, and Landsat-7 enhanced thematic mapper plus (ETM+) data series of the Walnut Gulch Experimental Watershed in Arizona during the summer monsoon period. Our study showed that measurements of surface reflectance and temperature from the three sensors could be combined without sacrificing product accuracy. WDI was correlated (R 2 = 0.73) with grassland transpiration measured by in situ instruments. Further, WDI varied temporally and spatially with variations in plant transpiration related to antecedent rainfall and slope aspect. WDI was compared with a measure of plant-available soil moisture (the antecedent retention index, ARI), which was derived from an hourly record of precipitation and runoff, obtained from rain gauges and flumes located in the watershed. Results showed that a nonlinear relation between WDI and ARI was significant but weak (R 2 = 0.45) and implied that WDI was the more sensitive indicator of vegetation condition. Ultimately, the WDI approach may be used as a viable tool to monitor grassland condition over heterogeneous regions.
Introduction
Grasslands compose a substantial portion of the world's rangeland ecosystem. They are a significant food source for wild and domestic animals and a source of soil protection (McClaren, 1995) . Attaining the ultimate goal of rangeland sustainability requires the monitoring of grassland condition, or its state of health. The National Research Council (1994) defined an organism as being healthy when it is "functioning properly and normally in its vital functions". Photosynthesis is a vital function of grasslands and has been used to monitor rangeland condition at fine scales using various closed, open, and isotopic systems (Field et al., 1989) . Unfortunately, photosynthesis is very difficult to estimate at the regional scale.
A number of methods using satellite data have been developed to estimate regional evapotranspiration (EΓ), or transpiration in cases when evaporation (E) is zero (Boegh et al., 1999; 2000; Granger, 2000) . Transpiration is directly related to photosynthesis because as plants open their stomates to take up carbon dioxide for photosynthesis, water is lost through transpiration. Due to this link with photosynthesis, transpiration can be used as an indicator of plant condition.
Images from satellite-based sensors have been used to monitor plant and soil conditions over extensive regions, particularly through estimation of EΓ. Most methods for estimation of rangeland EΓ from satellite imagery require a great deal of information about plant cover, plant height, and soil moisture, which is difficult to compute over a heterogeneous region (Foran, 1987; Graetz, 1987; Henebry, 1993; Ringrose et al., 1999) . One approach, based on a combination of surface reflectance and temperature and meteorological data, has been successfully applied over heterogeneous terrain with little a priori information. This approach, termed the water deficit index (WDI) (Moran et al., 1996) , was used in this study to give a relative estimate of EΓ over a considerable area (900 ha). In the southwest United States, where evaporation from soil is generally small due to infrequent rain events, estimates of EΓ are generally dominated by transpiration from plants. Thus, regional estimates of EΓ from satellites can be related directly to transpiration, and consequently to plant condition.
In the past, a temporal study like this one would have been limited to the lifespan of a single satellite sensor or would have involved the use of imagery from a combination of different satellite sensors (e.g., Landsat thematic mapper (TM), Satellite pour l'observation de la terre high-resolution visible (SPOT HRV), National Oceanic and Atmospheric Administration advanced very high resolution radiometer (NOAA AVHRR)). The 1999 launch of Landsat-7, however, provided the opportunity to utilize the imagery of sensors on board three consecutive Landsat satellites, Landsat-4 TM, Landsat-5 TM, and Landsat-7 enhanced thematic mapper plus (ETM+). The site for this study was the U.S. Department of Agriculture Walnut Gulch Experimental Watershed (WGEW) near Tombstone, Arizona, which has been the site for numerous remote sensing studies from 1990 to the present. The first step in the analysis was to retrieve surface reflectance and temperature from the Landsat image digital number (dn) and then compute WDI for the grassland regions of WGEW. The subsequent analysis of WDI for the 11-year period included (i) a comparison of Landsat-4 TM, Landsat-5 TM, and Landsat-7 ETM+; (ii) a comparison of the relation between WDI and grassland transpiration; (iii) an investigation of the temporal and spatial variability of WDI, related theoretically to changes in grassland transpiration; and (iv) an examination of the relationship between WDI and an antecedent retention index (ARI) used to estimate plant-available soil moisture.
Methods and data processing
The following subsections include the theory behind the WDI, some discussion about ARI and its computation, procedures that were involved in processing the satellite imagery, and a description of the study area and its instrumentation.
WDI theory
The WDI is based on a vegetation index -temperature (VIT) trapezoid (Figure 1 ) that combines a spectral vegetation index with surface temperature (combination of soil and vegetation temperatures) to determine water deficit conditions. In this case, the soil-adjusted vegetation index (SAVI) was the spectral vegetation index used. SAVI was calculated using the following equation:
where ρ NIR and ρ red are the near-infrared (NIR) and red reflectances, respectively; and L (soil adjustment constant) is assumed to be 0.5 for a variety of leaf area index (LAI) values (Huete, 1988) . The surface temperature minus air temperature (T s -T a ) values for the four vertices of the VIT trapezoid were defined by combining the Penman-Monteith equation (Monteith, 1973) with energy balance equations, as originally proposed by Jackson et al. (1981) . The subscript n of (T s -T a ) n refers to vertex n in Figure 1 . Vertex 1 of the trapezoid represents fullcover, well-watered vegetation, and (T s -T a ) 1 is computed as
where r a is the aerodynamic resistance (s·m -1 ), R n is the net radiant heat flux density (W·m -2 ), G is the soil heat flux density (W·m -2 ), C v is the volumetric heat capacity of air (J·°C -1 ·m -3 ), γ is the psychrometric constant (Pa·°C -1 ), r cp is the canopy resistance at potential evapotranspiration, ∆ is the slope of the saturated vapor pressure -temperature relation (Pa·°C -1 ), and VPD is the vapor pressure deficit of the air (Pa). Vertex 2 represents full-cover vegetation with no available water, and (T s -T a ) 2 is computed as
where r cx is the canopy resistance associated with nearly complete stomatal closure. Vertex 3 represents saturated bare soil, and (T s -T a ) 3 is computed as
Vertex 4 represents dry bare soil, and (T s -T a ) 4 is computed as
A more detailed description of how the inputs to Equations (2)- (5) can be defined and the limitations of the WDI were given by Moran et al. (1996) . The left and right sides of the trapezoid formed by the connection of vertices 1 and 3 and 2 and 4 are known as the cool and warm edges, respectively. The cool edge represents the theoretical range of T s -T a for conditions of potential evapotranspiration (EΓ p ). The warm edge represents the theoretical range of T s -T a when EΓ = 0. Therefore, when soil evaporation is close to zero, the WDI becomes a measure of transpiration (Γ) and has been defined as
where Γ p is potential transpiration. Theoretically, the WDI ranges from 0.0 for well-watered conditions to 1.0 for maximum stress conditions and graphically is equal to the ratio of distances AC and AB for a hypothetical measurement at point C in Figure 1 . It should also be noted that as EΓ p varies, the vertex points of the VIT trapezoid will also vary in time and space.
Antecedent retention index (ARI)
The antecedent retention index (ARI) (Saxton and Lenz, 1967) was used in this study to estimate plant-available soil moisture. ARI is based on antecedent precipitation minus runoff and accounts for soil water loss over time using the decay constant (K), which is based on soil type, as given by Saxton and Lenz (1967) . In this study, all of the sites were dominated by soil classified as loamy upland -limy slopes, and a single constant of K = 0.85 was used. Thus, the equation used to calculate ARI was
where R is the precipitation minus runoff, and i is the selected day.
The soil moisture information obtained from the ARI was compared with transpiration information estimated by the WDI. The proposed relation between ARI and WDI was based on an equation presented in Moran et al. (1997) : 
where h v is the volumetric soil moisture content. According to this equation, there is an exponential relationship between soil moisture (or, in our case, ARI) and relative transpiration rate (where WDI = 1 -Γ/Γ p ).
Image processing
Changes in WDI were estimated using a 10-year (1990-1995 and 1997-2000) series of Landsat-4, Landsat-5, and Landsat-7 images of the WGEW in southeastern Arizona during the summer monsoon period ( Table 1) . These images were selected according to the criteria that no precipitation had occurred the day of or the day before the image was taken. This was done to ensure that the soil surface was dry at the time the image was taken, making the WDI an estimate of Γ rather than EΓ. Another requirement was that there was no precipitation the day following the image so that increases in humidity levels would not interfere with atmospheric correction. Each image was geocorrected to subpixel accuracy using the nearest neighbor resampling method. The refined empirical line (REL) method (Moran et al., 2001 ) was used to convert dn to reflectance for the green, red, and NIR spectral bands. The REL approach utilizes two points of known reflectance to determine a dn-reflectance relation for each spectral band on each date and was originally validated with data from WGEW (Moran et al., 2001) .
Satellite-based surface temperatures (T s ) were retrieved from Landsat-4 and Landsat-5 TM dn according to the technique outlined by Lansing and Barker (1983) using the equation
where slope = 0.005632, offset = 0.1238, and Kelvin = 273.15. For Landsat-5, K1 = 60.766 and K2 = 1260.56; for Landsat-4, K1 = 67.162 and K2 = 1284.3. For Landsat-7 ETM+, dn was converted to T s using the equation
provided by Schott et al. (2001) . According to studies by Moran (1990) , for typical clear sky conditions in Arizona, the difference between the surface temperature and the temperature measured above the atmosphere by the Landsat TM sensor was typically 2°C. Therefore, the temperatures computed from imagery using Equations (9) and (10) were increased by 2°C to account for atmospheric attenuation. These images of surface reflectance and temperature, and meteorological data acquired at the time and date of the satellite imagery, were used to compute the WDI according to Equations (2)- (6). Previous studies have shown that reflectances retrieved from Landsat-4 TM, Landsat-5 TM, and Landsat-7 ETM+ can be combined with minimal error (Metzler and Malila, 1985; Price, 1989; Moran et al., 2001; Vogelmann et al., 2001) . The TM and ETM+ on-board thermal calibration systems are essentially the same (Barker, 1985) , and the calibrations of the Landsat TM and ETM+ thermal sensors have been remarkably stable (Schott et al., 2001) , resulting in reliable estimates of atsatellite temperature based on published calibration factors. These studies provide confidence in the image-processing approaches used here for multisensor temporal analysis.
Study area and instrumentation
The Walnut Gulch Experimental Watershed (WGEW) encompasses 150 square kilometres and is representative of approximately 60 million hectares of brush-and grass-covered rangeland found throughout the semiarid southwestern United States (Renard et al., 1993) . The lower two thirds of the watershed is dominated by desert shrub species, which transition into desert grasslands on the upper portion of the watershed.
An area of approximately 9 square kilometres located in the northeastern section of the watershed was examined for this study. This section of the watershed is dominated by black grama (Bouteloua eriopoda), blue grama (Bouteloua gracilis), sideoats grama (Bouteloua curtipendula), bush muhly (Muhlenbergia porteri), and Lehmann lovegrass (Eragrostis lehmanniana). The primary drainage runs from the northeast to the southwest. Typical ridge to valley height ranges from 15 to 20 m, and spacing between ridge tops is around 500 m.
To obtain a realistic estimate of available soil moisture and rainfall, the study area was divided into seven sections using Thiessen polygons based on the locations of rain gauges (Figure 2) . The Thiessen method of determining areal rainfall assumes that at any point in the watershed the rainfall is the same as that of the nearest gauge. Polygon boundaries are formed by perpendicularly bisecting the lines joining adjacent gauges (Chow et al., 1988) . Thiessen polygons divide a region based on the configuration of data points (i.e., rain gauges), with one observation per cell (Burrough and McDonnell, 1998) .
Large and small flumes designed to measure runoff from rainfall events are located in the watershed (Renard et al., 1993) . One such flume, located near the study area, was used with precipitation data from the rain gauges to estimate plantavailable soil moisture using ARI.
This study also utilized data collected by Bowen ratio energy balance (BREB) instrumentation located in the watershed (Emmerich, 2002) . With a fetch of 200+ m in all directions, these systems measure temperature, moisture, and CO 2 gradients every 2 s, average these measurements every 20 min, and store them in a datalogger. EΓ and CO 2 flux values are then calculated for each 20-min period. Data from the BREB system located in study polygon 6 were used to determine an in situ measurement of 1 -Γ/Γ p.
To obtain a value for Γ p , the day with the highest CO 2 uptake at 10:20 a.m., 10:40 a.m., and 11:00 a.m. was determined. These times were selected due to their proximity to the time of the satellite overpasses (mid-morning). A criterion of no precipitation the day before the day of highest CO 2 uptake also had to be met. Further, incoming solar radiation was examined to ensure that no clouds were present on the chosen day. August 13, 1999 (day of year (DOY) 225) met the criteria and was selected. The EΓ measurements for DOY 225 at the times mentioned previously were used for Γ p . Values for Γ were obtained from the EΓ measurements for 5 days (DOY 287, DOY 242, DOY 274, DOY 256, and DOY 272) at the time of the satellite overpass. In situ transpiration values were calculated for each day using the appropriate Γ and Γ p values. These values were used for a comparison of in situ transpiration measurements and WDI.
Results and discussion
The use of three Landsat sensors to conduct an analysis over an 11-year period provided the unique opportunity to investigate the temporal behavior of WDI through a single growing season (1995) and over multiple seasons characterized by wet and dry conditions. The choice of the well-instrumented WGEW for the study site allowed access to a network of on-site instrumentation and a heterogeneous grassland for spatial studies. The results of this analysis include a comparison of Landsat-4 TM, Landsat-5 TM, and Landsat-7 ETM+, confirmation of the relationship between WDI and grassland Γ, investigation of WDI for monitoring grassland variability, and a study of the relation between WDI and ARI.
Comparison of Landsat-4 TM, Landsat-5 TM, and Landsat-7 ETM+
Since this study combined images from three sensors over an 11-year period to investigate temporal surface changes, it was imperative that retrieval of surface reflectance and temperature from image dn accounted for both atmospheric and sensor differences. As mentioned in the Methods and data processing section, previous studies had shown that reflectance and temperature could be retrieved from the Landsat TM and ETM+ sensors with minimal between-sensor error. Though this study was not designed to determine the error associated with combining multisensor reflectance and temperature measurements, our data set provided qualitative support for the positive findings of previous studies.
First, we compared the surface reflectances retrieved for the seven study polygons from Landsat-4 TM and Landsat-5 TM images acquired, respectively, in September (DOY 247) and October (DOY 287) in 1991. Theoretically, the grassland should have senesced between the September and October acquisitions, resulting in a decrease in the green and NIR reflectance and an increase in the red reflectance. This was supported by data for all seven polygons and is illustrated for polygon 7 in Figure 3 . We also compared reflectances retrieved from the Landsat-5 TM and Landsat-7 ETM+ dn using the REL approach, with reflectances retrieved from the same dn in previous studies using a more conventional approach. In the conventional approach, we measured atmospheric optical depth with a solar radiometer and used these data in a radiative transfer model to compute the surface reflectance for a given at-satellite radiance (e.g., Thome, 2001 ). This data set was used to confirm that the REL-derived reflectances were similar to those derived using an independent, more complex approach for both sensors. The mean absolute difference (MAD) of SAVI calculated using reflectances retrieved with the two methods for four dates was 0.03. This magnitude of error met the requirements for computation of WDI.
Unlike surface reflectance, surface temperature varies dramatically day-to-day depending on climatic conditions and surface soil moisture. As a result, it is difficult to determine the absolute accuracy of temperatures retrieved from the Landsat sensor dn without spatially and temporally coincident surface temperature measurements. Some confidence in T s measurements was attained simply by the fact that very few T s -T a values for the study area exceeded the cool and warm edges of the VIT trapezoid, and in the cases when this did occur the difference was less than 1°C. Furthermore, there were no distinct trends in the T s values that could be attributed solely to retrieval from the Landsat-4, Landsat-5, or Landsat-7 sensors.
Based on these qualitative comparisons, there were no distinguishable differences in reflectances and temperatures derived from Landsat-4, Landsat-5, or Landsat-7 satellite images. The data continuity among all three satellites appeared suitable for computing WDI. A more formal study of the data continuity of the Landsat-4 TM, Landsat-5 TM, and Landsat-7 ETM+ visible, NIR, and short-wavelength infrared (SWIR) spectral bands, with reference to WGEW, was presented by Bryant et al. (2002) .
Relation between WDI and grassland transpiration
A first step in this analysis was to confirm that WDI = 1 -Γ/Γ p . This relation was validated by Moran et al. (1996) for a ground-based data set at WGEW. In this study, transpiration rates measured with a BREB system during the growing season (1 July -31 October) for 1997-2000 were used for the analysis. The in situ data were compared with the WDI data for study polygon 6 and are shown in Figure 4 .
An exponential relationship was found, as predicted theoretically by Moran et al. (1994) . The relationship is exponential because WDI does not account for sensible heat transfer between warm soil and cool vegetation that results in an increase in canopy Γ when surface heterogeneity is greatest (partial-cover vegetation cover conditions). However, considering the differences in scale and the potential error in both measurement approaches, the relation is good (correlation coefficient R 2 = 0.73) and supports the use of WDI for monitoring grassland transpiration.
Investigation of WDI for monitoring grassland variability
A color ramp was applied to all images to depict the WDI values throughout the study area. Two of the images had white areas associated with them ( Figure 5 ) due to the fact that some of the measured values of T s -T a slightly exceeded the cool or warm edges of the VIT trapezoid, causing WDI to be less than zero or greater than 1.0. Such discrepancies could be caused by error in the satellite sensor calibration, overcorrection or undercorrection of the remotely sensed data for atmospheric conditions, or errors associated with calculating the warm and cool edges (Equations (2)- (5)). More discussion of the magnitude of these errors was given by Moran et al. (1994) .
The WDI detected both temporal and spatial variations in grasslands at WGEW. The temporal variation was illustrated by ARI and WDI data from three images (DOY 218, DOY 266, and DOY 282) acquired during the 1995 summer monsoon season (Figure 6) . The decrease in WDI (i.e., increase in transpiration) of approximately 0.3 from DOY 218 to DOY 266 was due to an increase in precipitation within that 48-day period. Following this interval, an increase in WDI of approximately 0.3 was detected between DOY 266 and DOY 282 due to the soil drying out over a 16-day period. Thus, the 1995 data illustrated the changes in transpiration caused by an increase, and subsequent decrease, in ARI and, consequently, plant-available soil moisture.
The sensitivity of the WDI to variations in grasslands due to variable antecedent rainfall was demonstrated with data from an image obtained on 30 August 1998 (DOY 242) (Figure 7) . On DOY 236, an intense but localized rain storm swept through WGEW. Precipitation amounts of up to 25 mm were measured in the western polygons of our study area, and amounts of less than 2 mm were measured in the eastern polygons. This difference was reflected in ARI values, ranging from 18 in the western polygons to 4 in the eastern polygons. The WDI illustrated a similar trend, ranging from 0.22 in the western polygons to 0.38 in the eastern polygons. Though the WDI calculations (Equations (2)-(6)) were independent of precipitation measurements, WDI offered a distributed indication of the precipitation pattern based on plant transpiration rates 6 days after the storm.
The WDI was also sensitive to changes in grasslands induced by topographic differences (Figures 8 and 9) . Grassland transpiration was higher on north-facing slopes (and thus WDI was lower) due to the fact that slopes with these aspects retain soil moisture longer than slopes with southern aspects (Qiu et al., 2001 ). This was illustrated by WDI values extracted from north-and south-facing slopes on four dates, for which WDI values ranged from very low (DOY 269) to very high (DOY 274). Regardless of the overall magnitude of WDI for the study site, the difference between WDI values extracted from northand south-facing slopes on any given day was always apparent (Figure 9) . Based on the greater standard deviations of values extracted from areas with north-facing slopes, it appeared that greater variability in WDI, and thus plant transpiration rates, existed on north-facing slopes than on south-facing slopes. To further quantify the differences between north-and south-facing slopes shown in Figure 9 , a one-way analysis of variance across all four dates was performed. The result indicated that the south-facing slopes had significantly (significance level P < 0.05) higher WDI values than north-facing slopes across all dates.
Relation between WDI and ARI
The WDI and ARI data from all 10 years and seven study polygons (n = 112) were combined to investigate the relation between WDI and ARI. Assuming the relation would be exponential (Equation (8)), the following relation was determined (Figure 10) :
This relation was significant but weak (R 2 = 0.45). There were several factors that could account for this discrepancy. The first might be errors in WDI due to the numerous inputs required to compute the trapezoid (Equations (2)- (5)). For example, for our data set an error of 1°C in surface or air temperature resulted in a 13-17% difference in the WDI calculation. A second factor was the error associated with the inputs used in the generation of the ARI, including rainfall, runoff, and the choice of the K coefficient. A third factor was associated with a little understood divergence in the data for years 1994 and 1995. The points scattered in the lower left corner of Figure 10 are all associated with these 2 years; all other years followed the exponential relation quite well. If data from 1994 and 1995 were excluded from the analysis, the ARI-WDI relation would have been much stronger (R 2 = 0.77). After investigation of the sensor stability, meteorological data, dn-to-reflectance conversion, WDI inputs, and precipitation data, we were unsuccessful in determining the cause of this deviation from the trend.
Lastly, it should be noted that although WDI and ARI are both associated with available soil water, they are not measuring the same information. ARI is a measure of soil water content, whereas WDI is a measure of plant transpiration rate (Equation (6)). The data showed that a WDI value of approximately 0.6 was equivalent to an ARI value of zero. After this point, WDI continued to be responsive to changing conditions while ARI did not, implying that WDI was the more sensitive indicator of vegetation condition. By focusing on plant dynamics rather than simply available soil water, it is possible to account for differences in meteorological conditions, rooting depth, and plant physiological constraints.
Concluding remarks
The combination of Landsat-4 TM, Landsat-5 TM, and Landsat-7 ETM+ is a powerful source of information for temporal studies of natural resources. Our study showed that measurements of surface reflectance and temperature from the three sensors could be combined without sacrificing product accuracy. These results support the cross-calibration studies of Schott et al. (2001) and Bryant et al. (2002) .
The water deficit index (WDI) derived from continuous Landsat-4, Landsat-5, and Landsat-7 imagery was useful for mapping temporal and spatial grassland variability and topographically induced vegetation differences. It appeared to be a more sensitive index than the antecedent retention index (ARI) for monitoring grassland water status. The WDI has advantages over ARI as a monitoring tool, including a distributed rather than point-based product and more standard inputs (available from local meteorological stations rather than from a rain-gauge and runoff instrumentation network). A possible disadvantage of WDI is that it can only be computed at the time of the satellite overpass (mid-morning in the case of Landsat), which is not necessarily the time of maximum plant water deficit.
This study showed the WDI to be a viable tool for monitoring relative plant condition over heterogeneous semiarid grasslands. However, there are two main drawbacks to operational use of the WDI for monitoring plant condition: (i) it is a point-in-time measurement (approx. 10:30 a.m.), not a measure of daily stress; and (ii) it is very difficult to obtain images during the growing season. The satellite makes repeat visits of a single site every 16 days, and the images are often unacceptable due to cloud interference. In our case, for an 11-year period, we were only able to obtain 16 images that fit our criteria. This could be overcome by supplementing intermittent WDI images with temporally continuous simulation modeling to provide information for critical periods when satellite data are not available (e.g., Nouvellon et al., 2001) . Future work should be directed to quantify and reduce the error associated with inputs used for the WDI calculation, which would strengthen this prospective rangeland management tool. 
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